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ABSTRACT

Nucleic acids are an increasingly popular platform for the development of pharmaceuticals to treat and
prevent multiple diseases including those where traditional small molecule and protein-based drug
development efforts have failed. Short oligonucleotide therapeutics, which consist of antisense oligo-
nucleotides (ASOs) and short interfering ribonucleic acids (siRNAs), are prepared by solid phase chemical
synthesis, which can generate various impuriies that have the potential to lower drug safety and efficacy.
Drug substance-related impurities can be especially difficult to identify and characterize. To address this
short coming, here we apply lithium adduct consolidation with matrix-assisted laser desorption/ioni-
zation (MALDI) time-of-flight (TOF) mass spectrometry (MS) to afford a simplified, quick, and facile
method for identification of a known drug substance impurity, isobutyryl (iBu) groups arising from
incomplete deprotection during solid phase synthesis. We further employ high-resolution nuclear
magnetic resonance (NMR) spectroscopy to confirm assessment of the iBu impurity. This lithium
adduction consolidation method should find general applicability for routine quality assessment of
synthetic oligonucleotides in both academic and industrial laboratories.

© 2022 Published by Elsevier B.V.

1. Introduction

Short oligonucleotide therapeutics are an emerging class of
biopharmaceuticals to treat and prevent a wide variety of human
diseases, including those deemed “undruggable” by traditional
small molecule and protein-based drug platforms [ 1—3]. In contrast
to native nucleic acids, which are prepared enzymatically with
polymerases, short oligonucleotides are prepared chemically via
solid phase chemical synthesis [4,5]. Solid phase chemical synthesis
provides a facile approach for incorporation chemical modifica-
tions, including 2’-fluoro (2’-F) and 2’-O-methyl (2’-OMe) groups,
introduced during drug development to overcome the poor phar-
macological properties of native nucleic acids [2,3]. During solid
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phase chemical synthesis, the reactive groups on adenosine (A),
cytosine (C), guanine (G), and uridine (U) nucleosides are protected
to prevent unwanted side reactions that lower yields and introduce
impurities. The reactive 2’-hydroxyls are rendered inert most
commonly with tert-butyldimethylsilyl groups (TBDMS) while the
amino groups are traditionally protected with acetyl (Ac), phe-
noxyacetyl (Pac), benzoyl (Bz), and isobutyryl (iBu) groups [5].
Upon termination of the synthesis, the oligonucleotides are cleaved
from the solid support and deprotected. During the solid phase
chemical synthesis and subsequent deprotection reactions, multi-
ple impurities are potentially generated that require identification
and quantification prior to downstream applications [6,7].

Here we demonstrate a MALDI-TOF MS method to identify an
iBu-protected siRNA impurity resulting from the incomplete
deprotection of our model siRNA (Fig. 1). In particular, we apply LiCl
enrichment to promote lithium adduct consolidation and signifi-
cantly reduce the presence Na™ and K adducts, a technique
commonly applied to lipids [8,9]. This protocol reduced variability,
greatly facilitating interpretation of the mass spectrum. Coupled
with supporting high-resolution NMR analysis, we show how MS
and NMR methods can be applied synergistically to identify
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Fig. 1. The sequence and secondary structure scheme of the model siRNA.

oligonucleotide impurities in a manner that has broad applicability
to this therapeutic platform. Importantly, the iBu-protected siRNA
impurity evaded detection by commonly used low-resolution
analytical techniques, including polyacrylamide gel electropho-
resis (PAGE) and fast protein liquid chromatography (FPLC) ana-
lyses, thereby necessitating the demand for higher resolution
methods.

2. Methods
2.1. Samples

The model siRNA was purchased from two different vendors (V),
herein referred to as V1 and V2. Due to production problems with
V2, the identities of the two vendors will be kept anonymous. The
V1 siRNA was purchased as a duplex, was previously well-
characterized by NMR and MS [10], and is presented here only as
a control. The V2 siRNA was supplied as antisense (AS) and sense (S)
strands. The V2 siRNA was obtained from two separate
0.5 umol—2 pmol syntheses of each strand (AS and S). The siRNAs
were provided as crude products and required purification prior to
any MALDI-TOF MS or NMR analysis.

2.2. PAGE purification

Large scale PAGE purification of the individual RNA strands were
performed as described previously [10]. Briefly, gels were cast with
approximately 200 mL (plate dimensions: 45 cm x 30 cm X
0.15 cm) of 20% acrylamide:bis (19:1), 8 M urea, with 1 X TBE
(90 mM tris-borate pH 8.3, 2 mM EDTA) as the running buffer. The
gels were polymerized by the addition of 1 mL 10 mg/mL ammo-
nium persulfate (APS) and 50 pL tetramethylethylenediamine
(TEMED). Approximately 0.5 pmol—1 pmol of each oligonucleotide
(AS and S) was dissolved in 0.5 mL 8 M urea, 1 X TBE and 0.5 mL 2 X
formamide loading dye (80% formamide, 50 mM EDTA, 10% glyc-
erol, 0.025% bromophenol blue). The gels ran overnight at 10 W
after which the RNAs were visualized by UV shadowing, excised
with ethanol-soaked razor blades, and eluted from the gel in 0.5 X
TBE using a Whatman Elutrap™ electroelution system (GE
Healthcare, Chicago, IL). The oligonucleotides were successively
exchanged into de-ionized 18.2 MQ water (twice), 1 M NaCl (once),
and de-ionized 18.2 MQ water (thrice) using 4-mL 3 kDa centrifugal
filters (Millipore-Sigma, Burlington, MA). The oligonucleotide pu-
rity was confirmed by analytical PAGE, which shows a single ho-
mogenous band following large-scale purification (Fig. S1). As a
control sequence, an abasic version of the sense strand (*S) was
loaded. The AS and S strands were mixed in a 1:1 M ratio, dena-
tured at 95 °C for 2 min, then annealed by slow cooling to give the
duplex siRNA. The V2 siRNA was exchanged five times into
formulation buffer (10 mM sodium phosphate pH 6.5, 50 mM so-
dium chloride, 0.02% sodium azide, 0.1 mM sodium trimethylsi-
lylpropanesulfonate (DSS-d6), 5% D,0) and concentrated using a
0.5-mL 3 kDa centrifugal filter (Millipore-Sigma, Burlington, MA).
The chosen formulation buffer are common components of short
oligonucleotide drug formulations [10,13,14]. A 300 pL aliquot
(0.5 mM siRNA) was transferred to a 5 mm Shigemi tube (Cortecnet,
Brooklyn, NY) for NMR analysis.

International Journal of Mass Spectrometry 481 (2022) 116913
2.3. Purification by liquid chromatography

Approximately 150 nmol batches of the V1/V2 siRNAs were
applied to a MonoQ™ 5/50 GL column (GE Healthcare, Chicago, IL)
equilibrated with 20 mM sodium phosphate pH 6.5 and eluted over
40 column volumes (CV = 1 mL) with a linear gradient from
0 M—1 M Na(Cl and a 2 mL/min flow rate. The absorbance at
A = 260 nm was monitored as a function of elution volume on a
Akta™ FPLC Purifier (GE Healthcare, Chicago, IL) (Fig. S2). The FPLC
trace of the V2 siRNA purification was consistent with the V1 siRNA
chromatogram published previously [10]. The fractions containing
the siRNA (0.5 mL each) were pooled, concentrated, and exchanged
three times into de-ionized 18.2 MQ water using 4-mL 3 kDa cen-
trifugal filters. The siRNAs were then exchanged five times into
formulation buffer and concentrated to 300 pL in 0.5-mL 3 kDa
centrifugal filters. An aliquot of the V2 siRNA was further purified
by AEX (AEX V2 siRNA, 0.5 mM) to remove any residual acrylamide
contamination from the PAGE purification process [15,16].

2.4. MALDI-TOF MS acquisition and analysis

The model siRNA was precipitated with 1.5 M ammonium ace-
tate in ethanol at —20 °C to strip metal ions (e.g., Na™ and K*) from
the nucleic acid backbone prior to MALDI-TOF MS analysis [10,17].
0.5 pL of approximately 100 uM siRNA was co-spotted with 0.5 pL
LiCl solution (0.0, 1.5, or 6.0 mg/mL LiCl in 1:1 acetonitrile:water)
and 1 pL 3-HPA matrix (0.7 M 3-hydroxypicolinic acid, 0.05 M
ammonium citrate tribasic, 0.1% trifluoroacetic acid in 1:1 aceto-
nitrile:water) with the dried-droplet spotting technique. The same
procedure was used to test the applicability of ammonium
enrichment with 0.5 pL of the same molar equivalent of NH4Cl
(1.9 mg/mL) in place of LiCl. The data were collected in positive
reflectron and negative reflectron mode using a microfleX MALDI-
TOF mass spectrometer (Bruker, Billerica, MA) on samples spotted
on an MSP 96 ground steel plate (Bruker, Billerica, MA). A laser
frequency of 60 Hz for 100 shots per sample was used with random
walk mode enabled. The m/z range was set to 2000 Da—8000 Da in
low mass range mode. Mass calibration of the TOF was done in the
range of 3500 m/z to 7500 m/z using SpheriCal™ High Peptide
MALDI-MS calibration kit (Polymer Factory, Stockholm, Sweden).
All data were analyzed via Bruker's flexAnalysis software (Billerica,
MA).

2.5. Analytical PAGE

The oligonucleotide purity was assessed by analytical PAGE
performed on gels cast with approximately 10 mL of 20% acryl-
amide:bis (19:1), 8 M urea with 1 X TBE as the running buffer. The
gels were polymerized with 100 uL 10 mg/mL APS and 5 pL TEMED.
Each oligonucleotide was mixed with an equal volume of 2 X
formamide loading dye and denatured at 95 °C for 5 min 5 L of the
crude and purified oligonucleotides were loaded onto the gel. The
oligonucleotides were resolved with the application of 200 V for
approximately 1 h and visualized with ethidium bromide (1 pg/mL)
staining.

2.6. NMR data acquisition and processing

1D 'H and 2D 'H-'H, 'H-3C NMR measurements were
collected on a 600 MHz Bruker Avance IIl spectrometer (Billerica,
MA) equipped with actively shielded z-axis gradient triple reso-
nance TCI cryoprobe. All samples were prepared under typical
formulation conditions and spiked with 5% D,O for a field-
frequency lock and 0.1 mM DSS-d6 as an internal reference. All
measurements were performed in water (5% D,0/95% H,0) at 15 °C
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Fig. 2. MALDI-TOF MS of the siRNAs from vendor 1 (V1) and vendor 2 (V2) collected in positive reflectron mode. A) V1 siRNA (cyan, top panel) and V2 siRNA (black, bottom panel)
samples, both without lithium chloride. B) V2 sense (S) siRNA co-spotted with 0.0 mg/mL (black, top panel), 1.5 mg/mL (cyan, middle panel), and 6.0 mg/mL (magenta, bottom
panel) LiCl in 1:1 acetonitrile:water. The H', Li*, Na*, and K" adducts are notated along with the fully deprotected and iBu protected m/z values (M and M;g,). See Methods section

for detailed sample preparation and experimental conditions.

Table 1

Limit of Detection assessment of protonated adducts from LiCl addition. The ratio of
the [M+H]" and [MiBu + H]" adduct S/N values in the absence of LiCl enrichment
was used to calculate the approximate amount of each species (M: 57%, 28.5 pmol;
MiBu: 43%, 21.5 pmol).

LiCl (mg/mL) Adduct (S/N) LOD
[M-+H]+ [MiBu + H]+ (pmol)

0.0 48.8 36.6 1.8

1.5 26.9 199 3.2

3.0 10.6 9.1 7.6

6.0 6.6 6.0 11.9

LOD = limit of detection.

and 25 °C for exchangeable and non-exchangeable 'H measure-
ments, respectively. Solvent suppression was achieved via water
flip-back [ 18] and WATERGATE [19]. 1D 'H data were collected with
8 scans, 200 ms acquisition times, and a 2 s interscan delay in a total
measurement time of less than 30 s 2D 'H—'3C HSQC spectra were
collected in 4 h with 128 scans per t; increment, 140 ms and 9.4 ms
acquisition times in 'H (t;) and '3C (t;) dimensions, respectively,
50% non-uniform sampling (NUS) [20], and a 1.5 s recycle delay. 2D
TH—'H NOESY data were recorded with 32 scans, 140 ms (t;) and
26 ms (t7) acquisition times, 100 ms mixing time (tpix), and a 1.5 s
relaxation delay for a total experiment time of approximately 8 h 'H

chemical shifts were internally referenced to DSS (0.00 ppm) and
13¢ using the frequency ratio 3C/'H = 0.251449530, where 'H re-
fers to the frequency of the internal DSS signal [21]. All data were
collected in Topspin (Bruker, Billerica, MA), processed with
NMRPipe [22], and analyzed with NMRView [23]. NUS spectra were
reconstructed in NMRPipe using the iterative soft thresholding
(IST) method [24].

3. Results and discussion

MS analysis of oligonucleotides is complicated by their poly-
anionic nature, which makes them ideal for negative ion mode
detection but also prone to the formation of adducts containing
sodium and potassium, which reduces mass accuracy, increases
variability, and increases mass spectral complexity [7]. Further
complicating the analysis is the presence of both strands (AS and S)
of the siRNA, which have m/z values that differ by only 5 Da, with
measured values of S: 5546.688 m/z; AS: 5541.729 m/z) [10]. We
therefore analyzed both the intact siRNA as well as individual
strands separately by MALDI-TOF MS (Fig. 2, S3). Both negative- and
positive-ion modes showed the sodiated and potassiated adducts,
but positive-ion mode gave better signal-to-noise (approximately
10-fold higher) and was therefore used for the subsequent analysis
(Fig. 2, S3, S4, S5). Analysis of the V2 siRNA sample by MALDI-TOF
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Fig. 3. NMR data collected at 600 MHz on the siRNA samples purchased from different vendors. A) The imino region and B) aliphatic region of the 1D 'H spectra of the vendor 1 (V1,
black), vendor 2 (V2, cyan), and anion-exchange purified V2 (V2 AEX, magenta) samples, recorded at 15 °C. The imino 'H assignments, published previously [10], are shown for the
V1 siRNA. The additional 'H signals in Panels A and B are denoted by black asterisks. To account for the differences in sample concentrations, the V2 and V2 AEX signal intensities
are scaled 4 times higher than the V1 siRNA. C) The imino-aliphatic region of the 2D "H—'H NOESY collected on the V2 siRNA at 15 °C. Boxed regions highlight the imino — methine
and imino — methyl contacts. D) The aliphatic region of the 2D 'H—'3C HSQC collected on the V2 siRNA at 25 °C. Boxed regions are close-ups of the methine (cyan) and methyl
(magenta) regions. E) The observed NOEs from Panel C are illustrated on an N2-isobutyrylguanosine. F) The methyl and methine 'H—'3C correlations shown in D) are depicted on an
N2-isobutyrylguanosine. For all panels, full experimental details are given in the Methods section.

MS afforded a mass spectrum that could not be fully explained by
Na' and K* adducts (Fig. 2, S3, S4). Further enriching the samples
with ammonium by co-spotting with NH4Cl had negligible impact
on the removal on the Na'* and K" adducts (Fig. S5). These salt
adducts were present despite extensive desalting and ethanol
precipitation with ammonium acetate and the presence of
ammonium citrate in the MALDI matrix [10,17]. In principle,
ammonium (NHZ) replaces bound Na® and K" ions from the
oligonucleotide and, during ionization, releases ammonia in the gas
phase while leaving protons (H") as counterions [7,17]. However,
we observed low repeatability of the mass spectrum, with varying
intensities of the salt adducts (Fig. S6). Furthermore, the coefficient
of variation (CV) for the Na*/K" adducts are highly variable (25%—
78%), highlighting the low repeatability of the MALDI-TOF MS data
(Fig. S6).

To reduce spectral complexity and variability from the multiple
sodiated and potassiated adducts, LiCl was co-spotted onto the

plate on top of the siRNA samples, in a manner similar to what has
been reported for lipid analysis [8,9]. By doping the siRNA samples
with LiCl, presumably any contaminating Na® and K* ions are
displaced from the nucleic acid by Li* due to the latter's higher
binding affinity [25—27]. While the Na® and K' adducts were
minimized by this Li* enrichment, another impurity could now
clearly be observed with an m/z value 71 Da larger than the [M+H]| "
ion, and which is of similar mass of the [M+3Na]* and [M+2K]*
species (Fig. 2B). The broadness of the m/z signal partially obscured
the presence of this +71 Da ion species in the non-LiCl-doped mass
spectrum due to overlap with the signal from the [M+3Na]+ and
[M4-2K]" species (Fig. 2, S3, S4, S5).This signal overlap in the non-
LiCl-doped mass spectrum made it difficult to distinguish
the +71 Da ion species from the [M+2K]" species. By co-spotting
the V2 siRNA samples with LiCl solutions (1.5 mg/mL to 6 mg/mL
LiCl), the Na*/K" ions were displaced from the oligonucleotide,
which resulted in the consolidation to the Li* adducts ([M + nLi]",
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where n = 1, 2, 3, etc.) and therefore a simplified mass spectrum for
interpretation, and only the [M+H]" and lithiated adducts are
present. The m/z signal of +71 Da is consistent with the iBu-
protected impurity. The signals within each peak cluster are sepa-
rated by 6 Da, which is consistent with consecutive additions of
lithium. Further, the number of lithium adducts increases with LiCl
concentrations (Fig. 2B), although this also lowers the signal-to-
noise ratio (S/N) and decreases the limit of detection (LOD) for
the protonated adduct (Table 1). Overall, the LOD decreased from
3.5 pmol at 0.0 mg/mL LiCl down to 24 pmol at 6.0 mg/mL LiCl. For
the case of 6.0 mg/mL LiCl addition, the signal is clearly broadened
by multiple lithiated adducts, but the spectral envelope of the
[M + nLi]* species maintains an overall high S/N, if each individual
adduct is summed (Table S1). However, in practice, adding less LiCl
(e.g., 1.5 mg/mL, Fig. 2B) may prove to be more beneficial for routine
use; this amount replaces the majority of sodiated an potassiated
adducts, leading to less variability while maintaining intensity of
the protonated adduct. Lithium adduct consolidation has been used
to characterize lipids by MS [8,9] but to our knowledge has never
before been applied to nucleic acids.

To confirm the nature of the impurity, further analysis was
undertaken by PAGE and high-resolution NMR. Analytical PAGE
suggested that the V2 siRNA sample was pure following large-scale
purification, as is evident by a homogenous band for each strand
(Fig. S1). However, 1D and 2D NMR analyses confirmed the iBu-
protected impurity (Fig. 3). Compared to the previously published
data on the V1 siRNA [10], the V2 siRNA contains additional signals
in the imino (10 ppm—15 ppm) and aliphatic (1 ppm—3 ppm) re-
gions of the 1D 'H spectrum (Fig. 3A and B). The iminos (G H1 and U
H3) report on hydrogen bonding, with the number of imino 'H
signals directly proportional to the number of base-pairs in the
siRNA. The extra imino 'H signals suggest that there are alternative
base-pair structures and/or chemical compositions in the V2 siRNA
compared to the control V1 sample. Since the additional aliphatic
1Hs at 1.17 ppm and 2.78 ppm are not in the control V1 siRNA, they
are most likely arising from the contaminant in the V2 siRNA. 2D
TH—'H NOESY data collected on the V2 siRNA suggest that the
contaminant is located on the Watson-Crick face of several G res-
idues, as evidenced by the cross-peaks between the additional
imino and aliphatic 'H signals (Fig. 3C). The impurity was further
characterized by 2D 'H—'3C HSQC, which showed two cross-peaks
centered at 'H: 1.17 ppm/3C: 21.4 ppm and 'H: 2.78 ppm/3C:
38.3 ppm, which are consistent with a methyl and methine group of
one or more iBu groups (Fig. 3D). In general, iBu groups are
particularly challenging to remove and are common sources of
oligonucleotide impurities [7,28—31].

4. Conclusion

As short oligonucleotides are manufactured via solid phase
chemical synthesis, these therapeutics have been regulated more
similarly to small molecules than biologics, despite their larger size
and more complex structure. While there is a lack of clear regula-
tory guidelines for oligonucleotide therapeutics, it is apparent that
the overall integrity and purity of short oligonucleotides is essential
for drug safety and efficacy [6]. Therefore, practical methods for
quick routine assessment of the product-related impurity profile of
short oligonucleotides is needed. To this end, we have presented a
robust MALDI-TOF MS method to identify product impurities that
were not detected by commonly used albeit low resolution labo-
ratory techniques. The method involved a known technique of
lithium adduct consolidation to effectively displace sodiated and
potassiated adducts with lithiated adducts, which afforded spectra
with reduced complexity and decreased variability. The LiCl
enrichment facilitated spectral interpretation and allowed for

International Journal of Mass Spectrometry 481 (2022) 116913

easier identification of an impurity with a mass of 71 Da greater
than the fully deprotected siRNA, which is consistent with an iBu
group that is used as a protecting group during solid phase syn-
thesis of short oligonucleotides. Additional characterization con-
ducted by 1D and 2D NMR spectroscopy confirmed the identity of
this contaminant. Taken together, these results demonstrate that
the V2 siRNA sample contains the fully deprotected siRNA as well as
an iBu-protected siRNA impurity resulting from incomplete
deprotection during its manufacturing, and that this impurity im-
pacts the siRNA structure.
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